Thermal growth of ultrathin silicon nitride films on Si in NH 3 is modeled as a dynamic system governed by reaction-diffusion equations. Solution of the model yields profiles of the involved species consistent with experimental observations of a stoichiometric silicon nitride layer in the near-surface region and a subnitride layer of comparable thickness in the near-interface region. Self-limited growth kinetics are also obtained from the model equations in good agreement with experimental results, owing to a diffusion barrier layer to the nitridant species formed in the near-surface region by stoichiometric silicon nitride.
Silicon nitride is one of the major materials for thin and ultrathin dielectrics in microelectronics. They are commonly used as diffusion barriers to silicon oxidant species, as well as to impurities that can contaminate the dielectric/Si interface and the active semiconductor region in metal-oxidesemiconductor ͑MOS͒ structures used in present and future Si-based devices. 1 More recently, ultrathin ͑1 nm thick and less͒ thermal silicon nitride films grown on Si͑001͒ (c-Si) in ammonia (NH 3 ) are being applied as the best barriers to silicon oxidation 2-5 in advanced, high-dielectric constant ͑high-K͒ oxides like Ta 2 O 5 ,TiO 2 ,Al 2 O 3 ,ZrSiO 4 , and barium strontium titanate deposited on Si, which are alternatives to SiO 2 . The thickness and consequently the efficacy of any intermediate diffusion barrier film is, however, severely limited by the degradation that it causes on the magnitude of the overall dielectric constant. 3 This last factor renders silicon nitride films thermally grown in NH 3 specially attractive since: ͑i͒ for any practical temperature, the growth kinetics is essentially self-controlled; [6] [7] [8] [9] [10] [11] ͑ii͒ they are effective barriers even at thickness as low as one or two atomic layers; 12 ͑iii͒ the dielectric constant of silicon nitride ͑7.8͒ itself is more than twice that of SiO 2 ͑3.8͒. The aim of the present work is to model the kinetics of thermal growth of silicon nitride films on Si in NH 3 as a dynamic system governed by reaction-diffusion equations and comparing the model kinetics with those experimentally determined. Owing to its increasing technological importance, molecular dynamics simulations of ultrathin Si 3 N 4 films deposited on Si and of resulting Si 3 N 4 /Si interfaces have been recently reported. 13, 14 However, to the best of our knowledge, there is not in the literature a model capable of describing the observed thermal growth kinetics of silicon nitride films on Si in NH 3 .
Kinetics of thermal growth of silicon nitride films on Si in NH 3 were determined, [6] [7] [8] [9] [10] [11] showing very high growth rates at initial stages, followed by self-limited growth to a maximum thickness of 6 nm even for processing times as long as 18 h at 1200°C. Previous work discussed thermal nitride growth within the framework of the Deal and Grove model for the thermal oxidation of silicon in O 2 , 11 assuming that the nitriding species were nitrogenous radicals diffusing through the stoichiometric and uniform nitride film to react with Si at the nitride-Si interface. This model was criticized 8 since the extracted diffusion lengths ͑around 0.4 nm͒ imply annihilation of the nitridant species inside the nitride film, in contradiction with the assumption made of a stoichiometric and uniform growing silicon nitride film. A completely different approach 7, 15 assumed that the nitridation of silicon proceeds mainly by migration of Si cations, under the action of an electric field out to the surface of the growing nitride film, being the reaction between NH 3 and Si occurring at the surface the rate-determining factor. However, since Si was shown to be immobile during thermal nitridation in NH 3 ͑Refs. 16-19͒ this approach must be disregarded. Surface analysis and adsorption/desorption spectroscopy 16, [20] [21] [22] [23] [24] showed that at initial stages thermal nitridation of Si proceeds by dissociative adsorption of NH 3 , followed by reaction of dissociation products like NH 2 and H with the substrate. At the end of the initial fast growth regime, silicon nitride films with thickness around 1 nm are formed. Analysis of the near-interface region by core-level photoemission spectroscopy 15, 16 revealed the presence of substoichiometric compounds ͑subnitrides Si 3 N x ,xр4), similarly to those existing in the near-interface regions of thermal silicon oxide films on Si. The thickness of the transition subnitride region can be estimated from the various core level spectroscopy studies as being approximately 0.5 to 1 nm. The surface composition of thermal silicon nitride films is stoichiometric Si 3 N 4 (Si 4ϩ state͒. 16 Depth profiling of Si and N revealed that the films are not homogeneous. 9, 25 A stoichiometry corresponding to Si 3 N 4 only exists in a narrow layer ͑1 nm or less͒ below the surface. Deeper into the films N concentration decreases and reactive Si concentration increases continuously until reaching the nitride/Si interface, confirming the subnitrides ͑silicon-excess͒ region.
Thus, experimental evidence indicates that ͑i͒ nitrogenous species are reactive and mobile during thermal growth of silicon nitride films on Si in NH 3 . Si, on the other hand, is reactive and immobile, although very short range injection of Si from the substrate into the growing nitride film cannot be ruled out, even if it has not been observed directly and ͑ii͒ thermal nitridation of Si in NH 3 begins with the dissociation of the gas molecule into smaller fragments, like NH 2 and H, which react with silicon generating silicon nitride. Film growth proceeds by the migration of NH 2 towards the nitride/Si interface to react with Si, either as an interstitial defect reacting with the nitride network or as a substitutional defect driven by diffusion. Since the silicon nitride/Si transi- Based on experimental evidence, thermal growth of silicon nitride films on Si is modeled as a reaction-diffusion phenomenon in one spatial dimension. Solution of the model equations yields concentration versus depth of the involved species and growth kinetics. Initially a sharp c-Si surface at xϭ0 is considered, which is exposed to a nitridant atmosphere (NH 3 ) at constant temperature and pressure. NH 3 is dissociatively adsorbed, reacting with Si and forming silicon nitride. Film growth proceeds by diffusion and reaction of the nitridant species, mainly NH 2 , through silicon nitride and Si. The observed self-limited growth kinetics may be explained by diffusion barriers. One assumes here that the nitridant species diffuses through substoichiometric ͑sub-nitride͒ layers as well as through Si, having zero diffusivity in stoichiometric Si 3 N 4 . Since Si 3 N 4 does not react with NH 3 , after establishment of a stoichiometric silicon nitride layer in near-surface regions nitridation may still occur by reaction within the subjacent subnitride layer, but film growth will eventually stop when the previously adsorbed nitridant species have been consumed.
Model equations are built-up to describe the time evolution of relative concentrations of silicon and nitridant species, defined as
where C Si (x,t) and C N (x,t) are, respectively, the concentration of reactive Si atoms and of nitridant species molecules at depth x and time t. C Si bulk is the number of silicon atoms in bulk c-Si. Both relative concentrations are hence adimensional. 26 Silicon is immobile and, owing to conservation of Si species which are only transformed from reactive to nitrided by reaction with nitridants species, silicon nitride concentration is taken as SiN (x,t)ϭ1Ϫ Si (x,t). Here 0р Si (x,t)р1, implying coexistence of different nitridation states of Si, thus modeling the observed sub-nitride region leading to a nonabrupt interface between stoichiometric Si 3 N 4 and the c-Si substrate. The evolution equations for the two relative concentrations are
where k is a reaction rate and D is the diffusivity of the nitridant species in Si. The origin of the two second time derivatives can be understood by expressing reactiondiffusion of the nitridant species by finite differences:
that is, the diffusing nitridant species cannot ''jump'' into regions where there is fully nitrided Si, where SiN (x,t)ϭ1 Ϫ Si (x,t)ϭ1, whereas the jumping probability into regions containing partially nitrided Si is modulated by the concentration of these species. The above expression may be completed to yield the two finite difference versions of the second derivatives in Eq. ͑2͒. This restriction upon nitridant species diffusion through stoichiometric silicon nitride is the origin of the difference between kinetics of silicon nitridation and silicon oxidation. 26 The initial and boundary conditions, stating constant NH 3 pressure at the surface, P N , and an initially bare silicon surface are written as
One can adopt natural, adimensional units for length and time 26 given respectively by ͱD/k and 1/k, leading to an adimensional form of Eq. ͑2͒, which have one single parameter, namely P N . Model equations are solved using finite differences methods, that is, we rewrite Eq. ͑2͒ for discrete time and length ͑depth͒ and successively iterate in time. Figure 1͑a͒ shows snapshots of the Si profile at increasing nitridation times. Since the profiles in Fig. 1 were calculated for fixed temperature and pressure, the depth scale could be reconverted into real, dimensional depth by using the corresponding ͱD/k value. 26 Figure 1͑a͒ shows that surface reactive Si is initially consumed, being transformed into silicon nitride and, as time proceeds, the reaction front advances into the c-Si matrix. The amount of nonfully nitrided silicon in the near-surface region decreases fast, preventing progressively incorporation of nitridant species and consequently slowing down film growth. For the two longest nitridations ͑time intervals ratio of 10
3 ) the relative widths of the near-surface, stoichiometric Si 3 N 4 layer and of the near-interface layer presenting gradual transition from stoichiometric Si 3 N 4 to substrate c-Si are comparable, modeling well experimental observations. 9, 25 Figure 1͑b͒ shows snapshots of the nitridant species profiles for the same nitridation time intervals as Fig. 1͑a͒ . Initially, the profile is typical of a source of a certain adsorbed species, the nitridant species, that is diffusing and being consumed by reaction. The source concentration decreases with time, owing to the diffusion barrier represented by the Si 3 N 4 layer just formed in the near-surface region. Concomitantly, the nitridant species profile also decreases, as it is being consumed by reaction with silicon in the reactive, sub-nitride region and with substrate-Si.
Nitride growth kinetics can be obtained by integrating SiN (x,t)ϭ1Ϫ Si (x,t) in all space. 26 In Fig. 2 experimental kinetics, 9 measured from early stages of very fast growth up to saturation into a self-limited regime are well fitted by model calculated kinetics. As both experimental kinetics were obtained at the same temperature we used the same natural units, namely same D and k for the calculations, while the ratio between the values of P N for both calculated curves were identical ͑0.30͒ to that of the experimental ones. Figure 3 shows experimental results of film thickness in the saturation, self-limited regime versus NH 3 pressure and theoretical curves obtained by iterating the evolution equations for very long times. The data taken from Fig. 2 above were complemented by kinetics at very low pressure ͑1 mbar͒ of 15 N-enriched NH 3 , measured by nuclear reaction analysis. 12 For each nitridation temperature, convenient natural length and time units were adopted in the calculation by fixing D and k, whereas P N was varied proportional to the experimental values. The behavior depicted in these figures can be understood as follows: The determinant quantity for the final film thickness is the total amount of nitridant species that is adsorbed and transported to reactive sites, integrated over the whole nitridation time, and not only the rate at which the adsorption takes place. In the lower pressures range, an increase in NH 3 pressure at sample surface produces a significant increase in film thickness because more nitridant species are adsorbed per unit time and more nitridation of Si occurs. However, in the higher pressure range, it can happen that nitridation occurs so fast that a stoichiometric Si 3 N 4 layer quickly develops in the near-surface region, and consequently a diffusion barrier is built up earlier.
That is, although the adsorption rate may be higher in this pressure range, it happens during a shorter time interval, leading to smaller total amounts of adsorbed nitridant species. Thus in the higher pressures range this effect of de- creasing the time interval at which adsorption occurs grows in importance and the increase in total thickness with pressure is slower.
The present model is a simple approach to a phenomenon that may present other aspects which are not being taken into account. For example, diffusivity of nitridant species through stoichiometric Si 3 N 4 is certainly much smaller than through sub-nitrides or pure silicon, but it may be different from zero. Also, recombination and/or decay of the nitridant species into inert species have been evidenced experimentally, 27, 28 acting as sinks for nitridant species inside the sample. Nevertheless, this first approach is powerful enough to provide an adequate description of concentration profiles, kinetics, and pressure dependence of the final thickness of thermally grown silicon nitride films on Si. Further developments of the model incorporating some of these aspects are in progress.
